Chemical compounds studied in this article: Grape seed extract (proanthocyanidins) (PubChem CID: 108065) gallic acid (PubChem CID: 370) disodium carbonate (PubChem CID: 10340) sodium acetate trihydrate (PubChem CID: 23665405) 2,4,6-tripyridyl-s-triazine (PubChem CID: 77258) iron chloride (PubChem CID: 24380) a b s t r a c t
Introduction
Alicyclobacillus spp. are Gram-positive, non-pathogenic, obligate aerobic, rod-shaped, thermophilic and acidophilic spore-forming bacteria (Chang & Kang, 2004) . Growth of alicyclobacilli has been detected in a wide range of fruit juices such as apple, tomato, white grape, grapefruit, orange and pineapple juices. However, it is not detected in red grape juices and Cupuacu (Silva & Gibbs, 2001) . Alicyclobacillus acidoterrestris which is considered as the most prominent species within alicyclobacilli has the ability to produce taint compounds such as guaiacol and halophenols in fruit juices (Bevilacqua, Campaniello, Speranza, Sinigaglia, & Corbo, 2013) . The detectable concentration of guaiacol in fruit juices reported as 2 ppb can be produced by about 10 4 e10 5 CFU/mL of A. acidoterrestris cells (Bahçeci, G€ okmen, & Acar, 2005; Gocmen, Elston, Williams, Parish, & Rouseff, 2005; Pettipher, Osmundson, & Murphy, 1997) .
Nowadays, nonthermal methods such as the usage of natural antimicrobials, high hydrostatic pressure, homogenization pressure, microwave, and ultrasound are being tested to control the growth of alicyclobacilli in foods as an alternative to thermal treatments (Bevilacqua, Sinigaglia, & Corbo, 2008; Walker & Phillips, 2008) . The use of natural plant extracts as an alternative to chemical or synthetic antimicrobials and antioxidants is an increasing trend in the food industry (Perumalla & Hettiarachchy, 2011) . Leaf extracts from eucalyptus (Takahashi, Kokubo, & Sakaino, 2004) , citrus extract (Bevilacqua et al., 2013) and saponin extract (Alberice, Funes-Huacca, Guterres, & Carrilho, 2012) are natural extracts that have been tested against A. acidoterrestris alone or in combination with thermal methods. Grape (Vitis vinifera L.) seeds are waste products of the winery and grape juice industry. It is estimated that approximately 13% of the total weight of grapes used for wine making results in grape pomace (Torres et al., 2002) . Grape pomace can be used for the isolation of seeds and extraction of polyphenols. Total extractable phenolics in grape are found in about a maximum of 10% in pulp, 60e70% in the seeds and 28e35% in the skin (Shi, Yu, Pohorly, & Kakuda, 2003) . Grape seed extract (GSE) is a by-product derived from the seeds that is extracted, dried and purified to produce a polyphenolic compound rich extract (Lau & King, 2003) . This extract has Generally Recognized as Safe (GRAS) status approved by the Food and Drug Administration. It has been proved to possess antimicrobial activity that is attributed to the general mode of action of the phenolics (Perumalla & Hettiarachchy, 2011) . GSE has also been reported to have many pharmacological and biochemical actions such as anti-inflammatory, cardioprotective, chemopreventive, anticarcinogenic, and antioxidant activities (Mahmoud, 2013) .
To the best of our knowledge, no data on the antimicrobial activity of GSE in a real food system, such as apple juice, on the cells and spores of A. acidoterrestris have been reported in literature. In the current study, the main objectives were to evaluate the use of GSE as a natural compound to control cells and spores in apple juice; to mathematically model the cell inactivation behavior, to determine the effect of sporulation media on the antimicrobial resistance of spores and finally to examine the ultrastructural changes by scanning electron microscopy studies.
Material and methods
2.1. Microorganism and spore production A. acidoterrestris DSM 3922 was kindly provided by Karl Poralla (Deutsche Sammlung von Mikroorganismem und Zellkulturen's collection, Braunschweig, Germany) and was used as the test microorganism in this study. Cells of A. acidoterrestris were pre-cultured at 43 C for 4 h in 10 mL Bacillus acidoterrestris broth (BAT, D€ ohler, Germany) to achieve a cell density of approximately 10 6 e10 7 CFU/mL. Then, 100 mL culture was spread onto Bacillus acidoterrestris agar (BATA, Merck), Bacillus acidocaldarius agar (BAA), (Darland & Brock, 1971) , potato dextrose agar (PDA, BD Difco), malt extract agar (MEA, Oxoid). All inoculated plates were incubated at 43 C. Sporulation was determined by direct observation of free, fully refractile spores under the phase-contrast microscope (Olympus CX31, Japan). After reaching more than 85e90% of sporulation, spores were harvested by depositing 1e2 mL of cold sterile deionized water onto the surface of plates and dislodged from the agar surface by gently rubbing with a sterile swab. Spore suspensions were centrifuged at 4000 rpm for 20 min (4 C). The supernatant was discarded and the pellet was resuspended in sterile deionized water. Suspension was centrifuged again at 4000 rpm for 10 min (4 C). This step was repeated three times. The final pellet was resuspended in sterile deionized water and mixed thoroughly. The spore suspensions were stored in 1.8 mL eppendorf tubes at À20 C for further use (Murray, Gurtler, Ryu, Harrison, & Beuchat, 2007) .
Apple juice
Concentrated apple juice (70.3 Brix) was provided by ASYA Fruit Juice and Food Ind. Inc. (Isparta, Turkey) and reconstituted to 11.3 ± 0.1 Brix by a refractometer (Mettler Toledo, USA). Measurements were performed at 20 C. The pH of the reconstituted juice was measured as 3.82 ± 0.01 (Hanna instruments, Hungary).
Total phenol and ferric reducing antioxidant capacity of grape seed extract
Commercial liquid extract derived from the grape seed was purchased from a local health food store. The total phenol content of the extract was determined using the FolineCoicalteu (FC) method (Al-Zoreky, 2009 ). Briefly, 0.2 mL of diluted extract (1/10 and 1/20, v/v) was mixed with 1 mL of 10-fold diluted FC reagent and then vortexed. After 3 min incubation at room temperature, 0.8 mL of Na 2 CO 3 (7.5%, w/v) was added, vortexed again and left in the dark. After 1 h, the absorbance of the samples was measured at 765 nm using a UV/Vis spectrophotometer (Cary 100 Bio, Varian Inc., CA, USA). A calibration curve was prepared with gallic acid (0e0.09 mg/mL). The results were expressed in gallic acid equivalents (GAE) in mg/mL extract. To measure the antioxidant ability of grape seed extract to reduce ferric iron, ferric reducing antioxidant power (FRAP) assay was used. Firstly, stock solutions of 300 mM sodium acetate buffer (pH 3.6), 10 mM 2, 4, 6-tripyridyl-s-triazine (TPTZ dissolved in 40 mM HCl), 20 mM ferric chloride (FeCl 3 . 6H 2 O) were prepared. The FRAP reagent was freshly prepared by mixing the stock solutions in 10:1:1 ratio, shaken by vortexing and kept in the dark for 10 min at 37 C. Then, 0.1 mL diluted grape seed extract (1/1000, 1/2000) was mixed with 4 mL FRAP reagent. After 10 min, the absorbance was determined at 593 nm. The FRAP solution was used as a blank. The results were expressed as Trolox equivalents (TE) using a calibration curve in the range of 0e0.1 mM. All assays were done in triplicate (Bi et al., 2013) .
Antimicrobial assay
Antimicrobial activity was tested against both A. acidoterrestris cells and spores in apple juice containing different concentrations of GSE. First, bacterial cells were grown overnight on PDA at 43 C. The colonies were suspended in 10 mL Maximum Recovery Diluent (MRD, Oxoid) to obtain a bacterial density of McFarland 2.0 (10 7 CFU/mL) by using a Densitometer (Den-1, HVD Life Sciences, Austria). Also, the spore stocks (10 7 CFU/mL) were thawed, heatactivated at 80 C for 10 min and then cooled on ice. After centrifugation of the cell or spore suspension (1 mL), the pellet was dissolved in 10 mL apple juice. Sterile test tubes containing 9 mL apple juice with GSE were inoculated separately with 1 mL of the bacterial or spore suspension. The final concentrations of the GSE in the apple juice were 0%, 0.06%, 0.12%, 0.23%, 0.45%, 0.9%, 1.8%, 3.6% (v/v). The initial population was determined for each concentration after inoculation. Next, the samples were incubated and shaken at 37 C for 120 rpm in an incubator. At 24 h time intervals, up to 336 h the viable counts were determined by spread plating onto the surface of PDA (pH 3.5) and incubating the plates at 43 C for 48 h.
Modeling of inactivation data
The viable cell counts were transformed to log 10 values and survival curves were obtained by plotting the logarithm of survivors against the treatment time (h). Inactivation data were analyzed by the GlnaFiT tool (Geeraerd, Valdramidis, & Van Impe, 2005) using Log-linear tail (Geeraerd, Herremans, & Van Impe, 2000) and the Weibull models (Mafart, Couvert, Gaillard, & Leguerinel, 2002 ).
The Weibull model was used with the Eq. (1) (Mafart et al., 2002) ;
where N t represents the number of surviving population after time t (h); N 0 is the initial number of microorganisms (t ¼ 0); b is the shape parameter (dimensionless) showing upward (b < 1) and downward concavity (b > 1). Upward concave curves are associated with the adaptation of the remaining cells to the applied stress. Downward concave indicates the increased damage of the remaining cells in applied stress (van Boekel, 2002) . Also, d is the scale parameter (h) and corresponds to the time for the first decimal reduction (De Oliveira, Soares, & Piccoli, 2013) . Time to 4-log reduction (t 4D ) was calculated by Eq.
(2) (Levy, Aubert, Lacour, & Carlin, 2012) .
The Log-linear tail model was used with the Eq. (3) (Geeraerd et al., 2000) ; log N t ¼ log 10 log No À 10 log Nres $e ðÀkmaxtÞ þ 10 log Nres
where N res is the residual population density (log CFU/mL) that characterizes tailing of inactivation kinetics (Hereu, Dalgaard, Garriga, Aymerich, & Bover-Cid, 2012) and k max is the inactivation rate of the log-linear part of the curve (h À1 ) (Izquier & G omez-L opez, 2011) . The values of root mean square error (RMSE), coefficient of determination (R 2 ) and adjusted R 2 (adj-R 2 ) values were compared for model evaluation. The best fit of the data is obtained when RMSE is the smallest and R 2 value is close to 1. If two models have the same or similar RMSE, the simpler one can be chosen (Berney, Weilenmann, Simonetti, & Egli, 2006) .
Scanning electron microscopy
Ultrastructural changes in A. acidoterrestris bacterial cells and spores treated by GSE were determined by SEM imaging. Firstly, untreated and treated samples were centrifuged (14,000 rpm for 10 min). Next, the resultant pellets were suspended in sterile deionized water and the suspension was centrifuged again. This washing step was repeated three times. After that, the pellets were resuspended in sterile deionized water. Finally, the suspension (10 mL) was fixed onto clean glass slides and air-dried overnight for SEM. For SEM imaging, samples were coated with gold at a vacuum of 0.09 mbar, for 90 s, at 15 kV, in argon gas at a power of 15 mA and examined with a scanning electron microscope (Phillips XLe30S FEG).
Statistical analysis
The data were obtained from independent experiments with three repetitions, and the viable counts were performed in duplicates. Means and standard deviations were calculated by Microsoft Excel 2003 (Microsoft corp., USA). The TukeyeKramer test was used to compare the means of treated groups (p < 0.05) (Minitab 16).
Results and discussion
3.1. Total phenolics in grape seed extract and ferric reducing antioxidant capacity Phenolic compounds are important for their antimicrobial activity. Therefore, total phenolic content of the liquid extract was determined. The total phenol content of GSE was found as 21.24 ± 0.36 mg GAE/mL extract. The total phenol content of the GSE obtained from juice and wine was reported to be 6.04 ± 0.69 and 2.41 ± 0.34 mg GAE/mL, respectively (Bijak et al., 2011; Delgado Ad amez, Gamero Samino, Vald es S anchez, & Gonz alez-G omez, 2012) . The differences among the levels of phenolic compounds in the seeds from different varieties arise from many factors including climate, ripeness degree, berry size and grapevine variety (Rockenbach et al., 2011) . In fact, GSE is shown as a rich source of polyphenols such as phenolic acids, flavonoids (anthocyanidins, flavanols such as catechin and proanthocyanidins, flavanones, flavones, flavonols and isoflavones), stilbenes and lignans (Manach, Scalbert, Morand, Remesy, & Jimenez, 2004) .
Grape seeds exhibit the highest antioxidant activity followed by the skin and the flesh (Perumalla & Hettiarachchy, 2011) . It was found that the tested GSE also had high power reduction of 110.90 mM Trolox equivalent. The antioxidant potential of GSE is primarily due to the flavonoids that can perform scavenging activity on free radicals (superoxide, hydroxyl and 2,2-diphenly-2picrylhydrazyl), metal chelating properties, reduction of hydroperoxide formation and their effects on cell signaling pathways and gene expression. The presence of the functional eOH group in the structure and its position on the ring of the flavanoid molecule determine its antioxidant potential (Perumalla & Hettiarachchy, 2011) .
Antimicrobial activity on vegetative cells and modeling inactivation data
The antimicrobial effect of GSE in apple juice is shown in Table 1 . The concentration of GSE in the apple juice ranged from 0 to 3.6% (v/v). The antimicrobial activity of the GSE at all tested concentrations caused significant reduction in cell counts but did not completely eliminate the microbial population under the tested conditions (Table 1) . The control cells which were grown in apple juice without GSE (0%, v/v) attained approximately 7.0 log CFU/mL after 24-h of incubation in apple juice. There were no significant differences (p > 0.05) in the counts of A. acidoterrestris cells in the apple juice with all tested concentrations after 24 h. Also, the cell counts were statistically similar in Table 1 Counts of A. acidoterrestris vegetative cells (log CFU/mL) in apple juice containing different concentrations of grape seed extract at 37 C during storage*. the apple juice with 0.9%, 1.8%, and 3.6% of GSE during 48, 72 and 240 h of storage. The cell counts treated with 0.45%, 0.9%, 1.8%, and 3.6% were statistically the same following 168 h of treatment. On the other hand, there were only significant differences (p < 0.05) among the cells in the apple juice with GSE between 3.6% and 0.23% after 336 h. The highest reduction was observed in apple juice with 3.6% concentration of GSE (4.63 log CFU/mL) at the end of the treatment. Also, 0.23, 0.45, 0.9% and 1.8% GSE reduced the log number of cells approximately 3.14, 3.55, 3.8, and 4.1, respectively after 336 h ( Table 1) .
The potential use of GSE as an antimicrobial has been reported previously (Delgado Ad amez et al., 2012; Jayaprakasha, Selvi, & Sakariah, 2003; Rhodes, Mitchell, Wilson, & Melton, 2006; Silv an et al., 2013; Sivarooban, Hettiarachchy, & Johnson, 2008) . However, so far, no data have been published on the antimicrobial activities of the GSE against A. acidoterrestris in fruit juices. In the present study, higher inactivation rates were obtained against A. acidoterrestris vegetative cells in the apple juice (pH 3.82, Brix 11.3) with GSE. There might be three reasons for higher reductions in cell counts of A. acidoterrestris in the apple juice with GSE. In fact, Gram-positive bacteria are more sensitive to natural extracts than Gram-negative due to the absence of lipopolysaccharide layer that reduces the sensitivity (Delgado Ad amez et al., 2012) . Other possible reasons are the susceptibility of A. acidoterrestris to phenolic compounds found in GSE and the susceptibility of bacteria to plant extracts increases as the pH of the food decreases (Gutierrez, Barry-Ryan, & Bourke, 2009) .
Natural extracts are less effective in food systems due to the strong interaction between extracts and food components (Kim, Ruengwilysup, & Fung, 2004) . Food components such as proteins, lipids, complex carbohydrates, simple sugars and cations can reduce antimicrobial activity. Carbohydrate-based beverages such as fruit juices and soft drinks are most suitable food matrices to incorporate natural antimicrobials due to their low pH and also low or absent protein and lipid contents. They provide a homogenous environment for the dispersion of the antimicrobials. There is also a positive relationship between the juice pH and antimicrobial concentrations used to inhibit and inactivate the target organisms (Davidson, Taylor, Critzer, & Taylor, 2013) .
The antimicrobial assays were carried out in the apple juice rather than model fruit juice or broth system to see the interactions between GSE and fruit juice components. Although most of the literature presents inactivation data from model foods or laboratory media (Negi, 2012) , the survival data of A. acidoterrestris cells was obtained in the apple juice containing different concentrations of GSE (Fig. 1) . As the data did not follow a first-order kinetics, two mathematical models, Log-linear tail and the Weibull models were used to model the inactivation as a function of time (h). The parameters of both models as well as the statistical indices are shown in Table 2 . Visual evaluation of the fitted curves ( Fig. 1) and statistical indices (lower RMSE and higher R 2 values) in Table 2 showed that the Weibull model fitted the experimental data better than Log-linear tail model. The RMSE values of the Weibull model ranged from 0.138 to 0.175 (Table 2 ). In addition, the Weibull model showed higher R 2 (>0.988) values. For all treatments, the shape parameter (b) was smaller than 0.5 indicating upward concavity. As mentioned earlier, the scale parameter (d) represents the first decimal reduction. In general, the time for 4-log reduction (t 4D ) of the Weibull model is a better parameter than d for evaluation or comparison of the susceptibility of pathogens to environmental stress (Yang, Lee, Afaisen, & Gadi, 2013) . For this reason, t 4D values for the Weibull model were calculated. It was observed that as the concentration increased, t 4D decreased during storage. As an example, at the concentration of 3.6% GSE, t 4D was found as 204.1 h. At the lowest concentration (0.23%), it increased to 675.9 h. In previous studies, this model has also been used to estimate bacterial inactivation due to the use of other antimicrobial compounds (De Oliveira et al., 2013) . The R 2 and RMSE values obtained by fitting Log-linear tail model are also given in Table 2 . The R 2 values were between 0.897 and 0.958 and RMSE values were between 0.3141 and 0.5495. The residual population density (log N res ) was 2.49, 2.22, 2.07, 2.12 and 1.79 CFU/mL for the concentrations of 0.23%, 0.45%, 0.9%, 1.8% and 3.6%, respectively. In the present study, the stability of active components in GSE may be lost resulting in lower inactivation rates through to the end of the incubation period. In a similar study (Kao et al., 2010) , the inhibitory effect of GSE has been suggested to be affected by the nature of the food and prolonged incubation.
Antimicrobial activity on spores
Control spores in apple juice without GSE increased by 2.2e2.6 log CFU/mL within the first 48 h of incubation (Fig. 2) . The growth was inhibited among spores produced on BATA, BAA and MEA and decreased continuously in the presence of all tested GSE concentrations. After 336 h, 1.8% concentration of GSE resulted in approximately 1.8, 1.9, 1.4, and 2.7 log reductions among spores from PDA, BATA, BAA and MEA, respectively. The use of 0.9% GSE caused 1.8, 1.6, 1.5 and 2.6 log reductions among spores produced on PDA, BATA, BAA and MEA, respectively. In all cases, total population in apple juice containing GSE was less than the control after 48 h. However, the presence of 0.06, 0.12, 0.23 and 0.45% concentration of GSE in the apple juice did not cause a reduction among spores from PDA. After 336 h, the counts of treated spores from PDA at these concentrations attain approximately the numbers of control spores without GSE in the apple juice. Finally, the results indicated that the antimicrobial activity of GSE against A. acidoterrestris spores was variable depending on the concentration and sporulation media used.
Scanning electron microscopy
SEM images demonstrated differences in cell structures when compared with the untreated control bacteria. The control cells are rod-shaped, intact and show smooth surfaces (Fig. 3D ). After GSE treatments, the structural integrity of cells was damaged. To determine the effect of higher concentrations on cell surface, 0.9%, 1.8%, and 3.6% concentrations of GSE were applied for SEM imaging. The cells incubated in the presence of 1.8% and 3.6% concentrations of GSE indicate the formation of perforations in the cell wall ( Fig. 3A  and B) that might be the possible cellular target for GSE. In the apple juice with 0.9% GSE, the leakage of cellular constituents is observed (Fig. 3C ). Besides the changes on the cell structure, GSE also inhibited the development and growth of endospores when treated cells were compared with the control cells (Fig. 3D ). While control cells in the apple juice without GSE contain both vegetative cells and spores, only the injured cells are present after GSE treatments. In the related literature (Guendez, Kallithraka, Makris, & Kefalas, 2005) , catechin (49.8%) and epicatechin (26.0%) were found as the major constituent of the grape seeds followed by epicatechin gallate (9.3%), procyanidin B1 (5.8%) and B2 (5.1%), epigallocatechin gallate (1.9%) and gallic acid (1.3%). Indeed, phenolic compounds attack bacterial cell wall and cell membranes. These compounds can interact with the membrane proteins by means of hydrogen bonding through their hydroxyl groups which can cause changes in membrane permeability and result in cell destruction. Phenolic components can also penetrate into bacterial cells and coagulate cell content (Tian, Li, Ji, Zhang, & Luo, 2009 ). In addition, they interfere with membrane function such as electron transport, nutrient uptake, protein and nucleic acid synthesis and enzyme activity (Paul, Dubey, Maheswari, & Kang, 2011) . In the related literature, the antimicrobial mechanism of some individual components of GSE on the cell structure has been studied. Gallic acid can effectively permeabilize the outer membrane of Salmonella spp. provoking its disintegration based on chelation of divalent cations (Nohynek et al., 2006) . The antibacterial mechanism of catechins have been mainly attributed to cytoplasmic membrane damage, although other mechanisms could be involved (Cushnie & Lamb, 2011) . In addition, the mechanism of the antimicrobial activity of epigallocatechin gallate has been attributed to its effect on cell wall components (Zhao, Hu, Hara, & Shimamura, 2002) . The antimicrobial activity of GSE on spores was different from bacterial cells (Fig. 4) . After 336 h of incubation, the use of 1.8% concentration of GSE did not affect the integrity of spores produced on PDA (Fig. 4A), BATA (Fig. 4B) and BAA (Fig. 4C) . The damage to spores produced on MEA after GSE treatment is clearly observed (Fig. 4D) . In fact, the growth control of spores from PDA (Fig. 4E) , BATA (Fig. 4F) , BAA (Fig. 4G) and MEA (Fig. 4H ) in apple juice without GSE contain both vegetative cells and spores. Among treated spores, the development of spores into vegetative cells is not visualized. Indeed, neutral phenolic compounds in red grape prevent the spoilage by Alicyclobacillus spp. Similar to our findings, the addition of catechin gallate into the apple juice was found to inhibit the endospore germination of Alicyclobacillus (Splittstoesser, Churey, & Lee, 1994) .
Conclusions
The results of the present study demonstrated the potential use of GSE to inhibit the growth of A. acidoterrestris cells and spore germination/outgrowth in the apple juice. The antimicrobial activity of GSE may be partly due to its high total phenol content. Considering the results obtained using SEM, it can be concluded that the main target of the GSE might be the cell membrane of A. acidoterrestris. However, further research is needed to determine the mechanism of GSE against spores and the reason for the variability among the sensitivity of spores against GSE depending on the composition of sporulation media.
